Background {#Sec1}
==========

Multiple sclerosis (MS) is the most frequent demyelinating disease worldwide, affecting around 2.3 million people. The majority of the patients (80--85%) present the remitting-recurrent clinical form with transient symptoms that are associated with inflammatory infiltrates followed by demyelination that progress chronically to permanent neurological damage \[[@CR1]\]. As it is a disease with disseminated lesions in time and space in the central nervous system (CNS), clinical signs and symptoms of MS can be variable between patients and include mostly motor and sensory dysfunctions \[[@CR2], [@CR3]\].

Indeed, motor and balance disorders contribute to the progressive gait weakness, so that about 50% of patients may require ambulation support in approximately 10--20 years from diagnosis \[[@CR4]\]. Noteworthy, the walking instability is associated with falls that lead to essential approaches aiming its prevention \[[@CR5]\]. Also, pain affects around 63% of MS patients, and it is composed of a variety of pain syndrome, including neuropathic pain, which is present in 26% of the cases \[[@CR6]\]. Of note, a characteristic symptom of neuropathic pain is mechanical allodynia in which an exaggerated response to non-noxious stimuli is observed, constituting a significant clinical problem \[[@CR7], [@CR8]\].

Some of MS symptoms as well as the histopathological hallmarks of the disease can be deeply investigated in the so-called experimental autoimmune encephalomyelitis (EAE) animal model \[[@CR9]\]. Such studies have helped to understand the mechanisms of the disease along with the detection of some therapeutic approaches. Accordingly, the EAE model induced by myelin oligodendrocyte glycoprotein (MOG)~35--55~ peptide offers the possibility to study chronic disease, and it is a well-accepted model for testing neuroprotective strategies since it presents pronounced axonal/neuronal damage \[[@CR10]\].

Remarkably, neurological deficits in mice subjected to EAE are classically recorded using a clinical scale with several levels of disease severity representing a broad-spectrum ranging from walking impairment to paralysis \[[@CR11], [@CR12]\]. However, subtle gait alterations are hard to detect after disease score stabilization in the chronic periods. Besides, neuropathic pain investigation is biased by this approach as it depends on the subjective observation of the investigator. Thus, mechanical allodynia has usually been evaluated by the von Frey filaments test in rodents \[[@CR13], [@CR14]\].

The catwalk automated quantitative gait analysis (CT) is a computer-assisted method for locomotor analysis in which is possible to quantify several and refined gait parameters and detect innumerous motor abnormalities \[[@CR15]\]. In addition, different parameters investigated by CT method show a high degree of correlation with mechanical allodynia measured by von-Frey filaments test \[[@CR7], [@CR16], [@CR17]\]. Quantitative gait analysis by CT method has been performed in the EAE model using Lewis rats \[[@CR18]\] or Brown Norway rats \[[@CR19]\]. However, von-Frey filaments method studies show hyper nociception mostly before the onset of motor dysfunction \[[@CR8], [@CR13], [@CR14]\]. Also, gait analysis showed no preclinical abnormalities in EAE animals \[[@CR18], [@CR19]\].

Regarding strategies to prevent mechanical allodynia, exercise-preconditioning protocols aim developing neuroprotective mechanisms \[[@CR20]\], which may have a positive impact on walking impairment \[[@CR21], [@CR22]\]. In this sense, a significant clinical score attenuation of EAE after specific programs of regular exercise in mice was previously reported \[[@CR23], [@CR24]\]. To our knowledge, specific investigation of subtle walking impairment and neuropathic pain has never been performed in exercised mice. Such approach may provide useful information regarding functional recovery and neuroprotection. Therefore, the CT system has been used in the present study aiming to investigate the walking dysfunction in exercised and non-exercised C57BL/6 mice induced to EAE with MOG~35--55~ in a chronic approach from immunization to 42 days post-induction (dpi).

Methods {#Sec2}
=======

Animals {#Sec3}
-------

The Multidisciplinary Center for Biological Research (CEMIB/UNICAMP, Campinas, SP, Brazil) supplied the female C57BL/6 mice (4--6 weeks old) used herein. The animals were maintained on a 12/12 h light/dark cycle and were provided with food and water ad libitum. Efforts were made to avoid any unnecessary distress to the animals, and all experiments were carried out in accordance with international guidelines and principles regulated by the National Council of Animal Experimentation (CONCEA, Brazil) for the care and use of animals. The Ethics Committee on Animal Experimentation of University of Campinas (CEUA/UNICAMP, protocol n° 3844--1) approved the protocols, and the animals were randomly assigned to unexercised (EAE; *n* = 12) or exercised (EAE-Ex; *n* = 12) groups.

Physical exercise protocol {#Sec4}
--------------------------

Based on previous work that promoted significant attenuation of EAE clinical score \[[@CR24]--[@CR26]\], we investigated whether a similar volume and duration of exercise executed in a treadmill equipment would have the same effect. For that, mice were familiarized to the motorized treadmill for five consecutive days with a progressive increase of time (5 to 25 min), a speed of 6 m/min and 11° of inclination. Next, the exercise protocol consisted of five more weeks (5 days/week) of forced running at 11 m/min, one session/day for 30 min. To account the stress associated with the environment, the unexercised mice were placed on a bench on the side of the treadmill. With this approach, the animals performed 6 weeks of pre-conditioning exercise before the onset of the EAE clinical scale.

EAE induction and clinical assessment {#Sec5}
-------------------------------------

The MOG~35--55~ peptide injection has been performed at the beginning of the fifth week of the physical exercise training protocol, as it has been previously standardized \[[@CR25]\]. Accordingly, EAE was induced by subcutaneous immunization (in the tail base) with an emulsion containing 100 μg of MOG~35--55~ peptide in complete Freund's adjuvant (CFA), supplemented with 4 mg/ml *Mycobacterium tuberculosis* H37Ra (Difco Laboratories, Detroit, MI, USA). *Bordetella pertussis* toxin (300 ng/animal; Sigma-Aldrich, St. Louis, MO, USA) was injected i.p. on the day of immunization and after 48 h. This protocol promoted the development of EAE clinical signs from 11 to 12 dpi and peaked at around 16--17 dpi, according to the clinical score assessment. To that end, animal weight and clinical score were monitored daily. The scores were defined as follows: 0 no clinical signs, 1 tail paralysis (or loss of tail tone), 2 tail paralysis and hind-limb weakness (visible paresis) and 3 one or two hind-limb paralysis.

Gait analysis {#Sec6}
-------------

The CatWalk system (CT) consists in an objective test to detect relevant functional changes in studies regarding regenerative strategies using the EAE model \[[@CR19]\]. Therefore, in a first attempt to characterize the gait parameters in a chronic approach in this model, we used the CT system software version XT 10.1 (Noldus Inc., The Netherlands). The system was used to analyze gait profile in female C57BL6/J mice induced to EAE model by MOG~35--55~ peptide injection from a basal time point (before induction) to 42 days post induction (dpi). Therefore, the data were normalized against basal values, which were settled as 100% in each parameter. Of note, the study was initiated with 12 animals per group (sedentary and exercised). In the CT system method, animals must cross an illuminated walkway with a glass floor to the collection of the paw prints. However, with the disease progression, some animals were not able to cross the walkway in some of the time points. Therefore, the number of animals analyzed at each time point is described in Table [1](#Tab1){ref-type="table"}.Table 1Animals analyzed at each time pointTime point of analysisEAE miceEAE-Exercised miceBasal12 (100%)12 (100%)5 dpi12 (100%)12 (100%)12 dpi12 (100%)12 (100%)19 dpi07 (58%)04 (33%)22 dpi10 (83%)08 (67%)25 dpi08 (67%)05 (42%)28 dpi10 (83%)07 (58%)31 dpi06 (75%)05 (63%)36 dpi07 (88%)04 (50%)42 dpi07 (88%)04 (50%)Data are presented as absolute number (percentage)

For the analysis, each animal was placed into the walkway and was allowed to move freely in both directions with a run duration between 0.50 and 5.00 s and a maximum allowed speed variation of 60%. A high-speed camera carried out data acquisition and the software automatically classified the paw prints. The camera gain was set to 25.01 and the detection threshold to 0.25, for the detection of all parameters used in the experiments. Four compliant runs were acquired per trial and no food restriction or reward was used.

Rotarod {#Sec7}
-------

Before collection of the data, animals were familiarized with the equipment for three consecutive days. Every session, each mouse was placed 3 times on the turning wheel for 5 min with 20--30 min of rest between the trials. The velocities (rotations per minute, rpm) were 5 rpm, 10 rpm and 16 rpm on the first, second and third day, respectively. On the fourth day, the basal time point test consisted on the acceleration from 5 to 25 rpm for 6 min (360 s), being finalized when the animal did not maintain itself on the turning wheel voluntarily, losing the balance. Two to three attempts were recorded and the average calculated for each animal. On days 5, 12, 19, 22, 25, 28, 31, 36 and 42 post induction (the same for catwalk evaluation), the animals were retested. In turn, rotarod data collections occurred always before catwalk session in the morning. As it is possible to observe in Fig. [1](#Fig1){ref-type="fig"}, almost all animals can keep walking on the turning wheel by the whole period of acceleration from 5 to 25 rpm on basal and 5 dpi time points.Fig. 1Prior treadmill exercise does not influence clinical score and rotarod results in EAE mice. No significant difference between EAE and EAE-Ex groups can be observed. **a** Clinical score. EAE (*continuous line*): Basal and 5 dpi vs 19--42 dpi (*p* \< 0.0001), Basal and 5 dpi vs 12 dpi (*p* \< 0.01) and 12 dpi vs 19 dpi (*p* \< 0.05). EAE-Ex (*dashed line*): Basal and 5 dpi vs 12--42 dpi (*p* \< 0.0001) and 12 dpi vs 19 dpi (*p* \< 0.01). **b** Rotarod motor test. EAE (*continuous line*): Basal and 5 dpi vs 19 dpi (*p* \< 0.0001), 22 and 25 dpi (*p* \< 0.01) and 28 dpi (*p* \< 0.05). EAE-Ex (*dashed line*): Basal and 5 dpi vs 12--28 dpi (*p* \< 0.0001), vs 31--42 dpi (*p* \< 0.05) and 19 dpi vs 31--42 dpi (*p* \< 0.05)

Statistical analysis {#Sec8}
--------------------

Statistical analyses were performed with GraphPad Prisma 4.0 software and data are shown as mean ± standard error. The differences between groups were considered significant when *P*-values were minor than 0.05. All data were subject to a two-way analysis of variance (ANOVA) with *Bonferroni* post-test in order to investigate the percentage of variation caused by the exercise, by the disease per se or by the interaction between these two factors. When applicable, a one-way ANOVA with *Newman-Keuls* multiple comparison tests was performed in order to investigate the effect of the disease progression, which can be observed on the figure legends (comparisons between time points). Additionally, a correlation analysis between clinical score and run duration with all the other parameters was also performed using the Pearson test.

Results {#Sec9}
=======

Regular treadmill exercise previously to EAE onset does not influence clinical score, rotarod data, and speed of the walking in EAE mice {#Sec10}
----------------------------------------------------------------------------------------------------------------------------------------

Figures [1](#Fig1){ref-type="fig"} and [2](#Fig2){ref-type="fig"} (and Additional file [1](#MOESM1){ref-type="media"}: raw data) demonstrate that there is no effect of the exercise approach used in the present study on the clinical score, rotarod data and speed of the walking on CT apparatus in EAE mice. For rotarod motor test data, the two-way ANOVA revealed an isolated effect of exercise (*p* \< 0.05). However, there was a higher impact of the disease (*p* \< 0.0001) and no interaction between exercise and EAE (*p* \> 0.05) and no *Bonferroni* post hoc differences between these two groups. Similar to what has occurred to clinical score, the one-way ANOVA of rotarod data revealed some differences between time points for EAE (continuous line) and EAE-Ex (dashed line) groups (Fig [1](#Fig1){ref-type="fig"}).Fig. 2EAE animals walk slower and treadmill exercise does not improve normal gait recovery. No significant difference between EAE and EAE-Ex groups is depicted. **a** Run Duration. EAE (continuous line): Basal vs 22 dpi (*p* \< 0.05). EAE-Ex (dashed line): 5 dpi vs 19--28 dpi (*p* \< 0.05). **b** Run Average Speed. EAE-Ex (dashed line): 5 dpi vs 22 and 28 dpi (*p* \< 0.01)

Figure [2](#Fig2){ref-type="fig"} shows the data about the gait speed and the two-way ANOVA revealed only a pronounced effect of the disease (*p* \< 0.0001). On the same way, the one-way ANOVA showed some differences between time points for the two groups. Interestingly, the statistical differences were more evident in the exercised group although the correlation data presented in Table [2](#Tab2){ref-type="table"} are statistically similar for the two groups (EAE and EAE-Ex). Observe the values of correlation between clinical score (CS) and run duration (RD) and between rotarod (R) and CS and RD. Taken together, these data suggest that EAE animals walk slower especially around 19--28 dpi.Table 2Correlation of clinical score, run duration and rotarod with some of CT parameters*ParametersEAEEAE-ExCSRDRCSRDR*Clinical score−0.73^\#^−0.73^\#^−0.72^\#^−0.77^\#^Run Duration (s)0.73^\#^−−0.65^\#^0.72^\#^−−0.64^\#^Rotarod (s)−0.73^\#^−0.65^\#^−−0.77^\#^−0.64^\#^−Run Average Speed (cm/s)−0.65^\#^−0.87^\#^0.60^\#^−0.73^\#^−0.95^\#^0.59^\#^Cadence (steps/s)−0.67^\#^−0.88^\#^0.61^\#^−0.66^\#^−0.93^\#^0.60^\#^Regularity Index (%)−0.65^\#^−0.67^\#^0.59^\#^−0.75^\#^−0.69^\#^0.58^\#^Phase Dispersions RF → LH0.35^+^0.38^+^−0.34^+^0.64^\#^0.51^\#^−0.34^+^Phase Dispersions LF → RH0.32^+^0.29^+^−0.22^\*^0.61^\#^0.55^\#^−0.38^+^Couplings RF → LH−0.69^\#^−0.67^\#^0.62^\#^−0.54^\#^−0.45^+^0.32^+^Couplings LF → RH−0.63^\#^−0.50^\#^0.47^\#^−0.51^\#^−0.44^+^0.28^\*^Diagonal Support (%)−0.62^\#^−0.73^\#^0.48^\#^−0.62^\#^−0.75^\#^0.39^+^Lateral Support (%)0.51^\#^0.33^+^−0.42^\#^0.71^\#^0.35^+^−0.40^+^Three Support (%)0.36^+^0.59^\#^−0.21^\*^0.38^+^0.66^\#^−0.27^\*^Girdle Support (%)0.35^+^0.39^+^−0.43^\#^0.30^\*^0.20−0.22Zero Support (%)0.170.01−0.080.41^+^−0.01−0.27^\*^Legend: ^\#^ *p* \< 0.0001; ^+^ *p* \< 0.01; ^\*^ *p* \< 0.05; CS: Clinical Score; RD: Run Duration and; R: Rotarod. Data are demonstrated per group (EAE: non-exercised mice and EAE-Ex: exercised mice)

EAE animals present decreased inter-paw coordination, and prior exercise seems to modify the style of support during the progression of the disease {#Sec11}
---------------------------------------------------------------------------------------------------------------------------------------------------

Table [2](#Tab2){ref-type="table"} demonstrates, along with Fig. [3](#Fig3){ref-type="fig"} (and Additional file [1](#MOESM1){ref-type="media"}: raw data), the inter-paw coordination such as cadence, regularity index, phase dispersions, couplings and styles of support. The two-way ANOVA revealed that there was no interaction between exercise and disease for any of these variables (*p* \> 0.05). However, the correlation data in Table [2](#Tab2){ref-type="table"} and some distinction of the one-way ANOVA between the time points suggest a differential exercise and non-exercise modulation of the inter-paw coordination after EAE induction. An isolated effect of the disease was observed with *p* \< 0.01 for cadence (steps/s) and *p* \< 0.0001 for regularity index and the correlation values of these parameters with CS, RD, and R were all high and significant (Table [2](#Tab2){ref-type="table"}). However, although the correlation values were similar for both exercised and non-exercised animals, the statistical differences between time points were more evident for the exercised group (Fig. [3](#Fig3){ref-type="fig"}).Fig. 3Exercised and non-exercised EAE animals present decreased inter-paw coordination. **a** Cadence. EAE-Ex (*dashed line*): 5 dpi vs 22 dpi (*p* \< 0.01). **b** Regularity Index. EAE-Ex (*dashed line*): 5 dpi vs 22 dpi (*p* \< 0.01). **c** Couplings RF- \> LH. EAE (*continuous line*): Basal vs 22, 25 and 31 dpi (*p* \< 0.05). EAE-Ex (*dashed line*): Basal and 5 dpi vs 31 dpi (*p* \< 0.05). **d** Couplings LF- \> RH. EAE (*continuous line*): Basal to 12 dpi vs 22 dpi (*p* \< 0.05). EAE-Ex (*dashed line*): Basal and 5dpi vs 22--25 and 31--42 dpi (*p* \< 0.05). **e** Support diagonal. EAE-Ex (*dashed line*): 5 dpi vs 28 dpi (*p* \< 0.01). **f** Support lateral. EAE-Ex (*dashed line*): Basal and 5 dpi vs 31 and 42 dpi (*p* \< 0.05). + Represents *p* \< 0.05 between EAE and EAE-Ex at 31 dpi

Gait alterations may be related to phase dispersion results (Table [2](#Tab2){ref-type="table"}), although these effects were not detected by the one-way ANOVA between time points. Besides, in spite of phase dispersion RF- \> LH has been affected by the disease (*p* \< 0.01, two-way ANOVA), no other effects were observed and phase dispersion LF- \> RH was not affected by any of the variables herein investigated. On the other hand, couplings (both RF- \> LH and LF- \> RH) were strongly affected by the disease (*p* \< 0.0001; two-way ANOVA) and both groups (exercise-trained and untrained) presented significant reduction of this parameter during disease progression in comparison to basal time point (Fig. [3 c, d](#Fig3){ref-type="fig"}). Interestingly, couplings LF- \> RH presented significant reduction on days 31--42 in comparison to both basal and 5 dpi just for the exercised group while the non-exercised group recovered to values close to the basal line at these time points (Fig [3](#Fig3){ref-type="fig"} d). Taken together, these data suggest that EAE animals in spite of being previously exercised present decreased inter-paw coordination.

The measure of limb support in the present study comprised diagonal, lateral, three, girdle and no support at all (zero). Of these, the disease affected support diagonal (RF-LH or LF-RH) for both exercised and non-exercised EAE mice (Table [2](#Tab2){ref-type="table"}, *p* \< 0.01, two-way ANOVA). That means EAE mice presented reduced proportion of diagonal support, which is the most used in healthy conditions (60--70% of the all types of support). This reduction was slightly more evident in the EAE-Ex (Fig [3](#Fig3){ref-type="fig"}e). The reduction of diagonal support was mainly compensated by an increase in the lateral support (RF-RH or LF-LH) that was more evident in the EAE-Ex group. Indeed, two-way ANOVA showed that there was an isolated effect of exercise on lateral support (*p* \< 0.05) and, by the data presented in Table [2](#Tab2){ref-type="table"}, we can see that exercised animals increased this type of support with the progression of the disease in a higher magnitude that the non-exercised ones. In fact, 31 dpi shows a statistical difference between the two groups (*p* \< 0.05; Fig [3](#Fig3){ref-type="fig"}f). Lateral support accounts for 0--1% of the all types of support used in healthy conditions and it was increased to 5% between the non-exercised and to 9--10% between the exercised mice in the chronic phase of EAE. Support three, which represents around 20--30% of all types of support in healthy conditions, was almost unaffected by the disease although a high correlation value was observed with RD for both groups (Table [2](#Tab2){ref-type="table"}). That means how slow the EAE animals walk so that three paws are constantly used as support. Girdle support (RF-LF or RH-LH), which represents 1--2% of all types of support used in healthy conditions, was increased to 8% around 19 dpi for the EAE group and to 7% around 28 dpi for the EAE-Ex group. The two-way ANOVA showed an isolated effect of disease (*p* \< 0.01) and a moderate correlation is observed in Table [2](#Tab2){ref-type="table"}.

Differential modulation of dynamic and static gait parameters of front (FP) and hind paws (HP) in EAE and exercised EAE (EAE-ex) animals {#Sec12}
----------------------------------------------------------------------------------------------------------------------------------------

Overall, the remaining data are related to static and dynamic CT parameters of FP and HP of EAE and EAE-Ex mice. Unless for max contact at, the two-way ANOVA also revealed that there was no significant interaction between exercise and disease (*p* \> 0.05). In fact, most of them were just related to the effect of the disease, as seen in Fig. [4](#Fig4){ref-type="fig"} about stride length (*p* \< 0.0001 for FP and HP), body speed (*p* \< 0.0001 for FP and HP) and swing speed (*p* \< 0.01 for FP and *p* \< 0.0001 for HP). Although the one-way ANOVA has shown some effect between time points, mostly for the exercised animals, Table [3](#Tab3){ref-type="table"} demonstrates similar correlation values between these parameters and CS and RD for both groups. Noteworthy, as these results are strongly affected by run duration, the statistical differences between time points were more evident for the EAE-Ex group.Fig. 4EAE animals walk slower (body and swing speed) and with short footsteps (stride length). No differences between EAE and EAE-Ex groups at any time point for any of the parameters can be observed. **a** Front paws stride length. EAE-Ex (dashed line): Basal and 5 dpi vs 22 and 28 dpi (*p* \< 0.05). **b** Hind paws stride length. EAE-Ex (dashed line): Basal and 5 dpi vs 19, 22 and 28 dpi (*p* \< 0.05). **c** Front paws body speed. EAE-Ex (dashed line): 5 dpi vs 22 and 28 dpi (*p* \< 0.05). **d** Hind paws body speed. EAE-Ex (dashed line): 5 dpi vs 22 and 28 dpi (*p* \< 0.05). **e** Front paws swing speed. No differences detected. **f** Hind paws swing speed. EAE (continuous line): Basal vs 28 dpi (*p* \< 0.05). EAE-Ex (dashed line): 5 dpi vs 12--42 dpi (*p* \< 0.05) and Basal vs 22 and 28 dpi (*p* \< 0.05) Table 3Correlation of clinical score and run duration with other CT parametersParametersFront paws (FP)Hind paws (HP)EAEEAE-ExEAEEAE-ExCSRDCSRDCSRDCSRDStride Length (cm)−0.60^\#^−0.84^\#^−0.74^\#^−0.80^\#^−0.72^\#^−0.85^\#^−0.68^\#^−0.78^\#^Body Speed (cm/s)−0.67^\#^−0.89^\#^−0.74^\#^−0.95^\#^−0.69^\#^−0.89^\#^−0.75^\#^−0.95^\#^Swing Speed (cm/s)−0.51^\#^−0.71^\#^−0.42^+^−0.63^\#^−0.73^\#^−0.85^\#^−0.75^\#^−0.83^\#^Step Cycle (s)0.64^\#^0.82^\#^0.45^\#^0.77^\#^0.58^\#^0.88^\#^0.44^\#^0.73^\#^Stand (s)0.70^\#^0.93^\#^0.57^\#^0.88^\#^0.180.43^\#^0.060.45^\#^Duty Cycle (%)0.56^\#^0.81^\#^0.64^\#^0.85^\#^−0.30^+^−0.14−0.36^+^0.02Initial Dual Stance (s)0.66^\#^0.90^\#^0.63^\#^0.88^\#^0.070.37^+^0.060.53^\#^Terminal Dual Stance (s)0.67^\#^0.90^\#^0.64^\#^0.87^\#^0.160.47^\#^0.110.57^\#^Base of Support (cm)0.58^\#^0.61^\#^0.72^\#^0.73^\#^−0.31^+^−0.18−0.44^+^−0.20Max Contact Max Intensity−0.130.15−0.46^\#^−0.15−0.55^\#^−0.36^+^−0.76^\#^−0.47^\#^15 Most Intense Pixels−0.080.20−0.31^+^−0.02−0.53^\#^−0.28^+^−0.73^\#^−0.46^\#^Max Intensity At (%)0.51^\#^0.40^\#^0.52^\#^0.43^\#^−0.64^\#^−0.37^+^−0.73^\#^−0.54^\#^Max Contact At (%)0.25^\*^0.38^\#^0.44^\#^0.58^\#^−0.44^\#^−0.39^+^−0.25^\*^−0.27^\*^Print Width (cm)−0.40^\#^−0.28^+^−0.66^\#^−0.42^+^−0.51^\#^−0.31^+^−0.41^+^−0.20Print Length (cm)−0.16−0.02−0.29^\*^−0.07−0.18−0.03−0.26^\*^−0.09Print Area (cm^2^)−0.150.11−0.36^\*^−0.10−0.27^\*^−0.05−0.45^\#^−0.22Legend: ^\#^ *p* \< 0.0001; ^+^ *p* \< 0.01; ^\*^ *p* \< 0.05; CS: Clinical Score; RD: Run Duration. Data are demonstrated per group and per pair of paws

Table [3](#Tab3){ref-type="table"} (and Additional file [1](#MOESM1){ref-type="media"}: raw data) shows that the disease and the reduced gait speed have increased parameters related to the stance of the FP such as step cycle, stand, duty cycle, initial and terminal dual stance. It is note worth that stand/stance is the duration in seconds of contact while swing is the duration in seconds of no contact of a paw with the glass plate. Therefore, step cycle represents the sum of swing and stand duration while duty cycle represents stand as a percentage of step cycle. Dual stand/stance is the duration in seconds of contact for both limbs simultaneously (hind or forelimbs). Therefore, initial and terminal dual stance are, respectively, the first and the second time in a step cycle of a paw and its contralateral when making contact with the glass plate. All of these parameters for FP were also strongly affected by the disease (two-way ANOVA, *p* \< 0.0001; Fig. [5](#Fig5){ref-type="fig"} a and c). These data suggest that EAE animals keep FP more time on the glass while walking. On the other hand, only step cycle for hind paws were positive and significantly correlated with CS and RD for both groups and the two-way ANOVA shows an isolated effect of disease (*p* \< 0.05). The disease also affected duty cycle for hind paws (*p* \< 0.01), but the correlation data shows a moderate and negative relationship between them (Table [3](#Tab3){ref-type="table"}). Noteworthy, stand, initial and terminal dual stance for hind paws were not affected by the disease, although some positive correlation with RD can be observed in Table [3](#Tab3){ref-type="table"}. Taken together, this differential FP and HP response may suggest a compensation mechanism in order to maintain gait and balance with a shift of the center of gravity to FP because of the overt dysfunction of HP.Fig. 5EAE animals present increased stance phase of step cycle for front paws. **a** Front paws step cycle. EAE (continuous line): Basal and 5 dpi vs 22 dpi (*p* \< 0.05). **b** Hind paws step cycle. No differences detected. **c** Front paws stand. EAE-Ex (dashed line): 5 dpi vs 19 and 28 dpi (*p* \< 0.05). **d** Hind paws stand. No differences detected. **e** Front paws base of support. EAE (continuous line): 5 dpi vs 25 and 42 dpi (*p* \< 0.050). EAE-Ex (dashed line): 5 dpi vs 22--28 dpi (*p* \< 0.05) and Basal and 12 dpi vs 22 dpi (*p* \< 0.05). ++ Represents *p* \< 0.01 between EAE and EAE-Ex at Basal time point. **f** Hind paws base of support. ^+++^ *p* \< 0.0001 between the curves (EAE vs EAE-Ex) by student T test

A differential response from the EAE condition between FP and HP was also observed for the base of support (BOS) data (Table [3](#Tab3){ref-type="table"}; Fig. [5](#Fig5){ref-type="fig"} e-f). In this case, highly positive correlations with CS and RD are observed for FP with a strong effect from disease (*p* \< 0.0001; two-way ANOVA), starting after 22 dpi (Fig. [5](#Fig5){ref-type="fig"} e). Since this parameter is related to the perpendicular distance of both paws to each other, these analyses demonstrate that EAE animals walk with a wider distance between the front paws. Curiously, unpaired t-test analysis for basal time point (before induction) demonstrates that 6 weeks of treadmill exercise decreased the distance between the left and the right FP during the walking (*p* \< 0.05; sedentary: 1.42 ± 0.03 cm and exercised: 1.26 ± 0.06 cm). However, this basal difference did not influence the development of wider BOS of FP after EAE induction.

Detailed unpaired t-test analysis for basal time point of all parameters revealed several differences, suggesting some effect of exercise on the walking pattern. For example, exercise increased FP print width (Fig. [7](#Fig7){ref-type="fig"} a; *p* \< 0.01; sedentary: 0.74 ± 0.006 cm and exercised: 0.78 ± 0.010 cm) but reduced its max intensity at (Fig. [6](#Fig6){ref-type="fig"} e; *p* \< 0.01; sedentary: 31.68 ± 1.91% and exercised: 24.19 ± 1.42%) and its max contact at (Fig. [6](#Fig6){ref-type="fig"} g; *p* \< 0.05; sedentary: 37.27 ± 1.26% and exercised: 33.73 ± 0.99%). In its way, exercise increased HP print area (Fig. [7](#Fig7){ref-type="fig"} F; *p* \< 0.05; sedentary: 0.32 ± 0.014 cm and exercised: 0.39 ± 0.018 cm) and its mean intensity of the 15 most intense pixels (Fig. [6](#Fig6){ref-type="fig"} d; *p* \< 0.05; sedentary: 221.7 ± 1.98 and exercised: 229.4 ± 2.09 cm). Analogous to BOS of FP, these last basal alterations did not influence the course of each parameter during disease.Fig. 6EAE animals present reduced intensity of paw prints at chronic disease. ^+^ *p* \< 0.05 and ^++^ *p* \< 0.01 between EAE and EAE-Ex groups. **a** Front paws max contact max intensity. EAE (continuous line): Basal vs 36 dpi (*p* \< 0.05) and Basal to 22 dpi vs 42 dpi (*p* \< 0.05). EAE-Ex (dashed line): Basal vs 36 dpi (*p* \< 0.05) and Basal, 5, 19 and 22 dpi vs 42 dpi (*p* \< 0.05). **b** Hind paws max contact max intensity. EAE (continuous line): Basal vs 25, 28 and 42 dpi (*p* \< 0.05) and 5 dpi vs 42 dpi. EAE-Ex (dashed line): Basal vs 28 and 42 dpi (*p* \< 0.05) and 5 dpi vs 28 dpi. **c** Front paws mean intensity of the 15 most intense pixels. EAE (continuous line): Basal vs 42dpi (*p* \< 0.05). EAE-Ex (dashed line): Basal vs 12, 36 and 42 dpi (*p* \< 0.05). **d** Hind paws mean intensity of the 15 most intense pixels. EAE (continuous line): Basal and 5 dpi vs 25, 28 and 42 dpi (*p* \< 0.05). EAE-Ex (dashed line): Basal vs 12--42 dpi (*p* \< 0.05) and 5 dpi vs 28 dpi (*p* \< 0.05). + Represents *p* \< 0.05 between EAE and EAE-Ex at Basal time point. **e** Front paws max intensity at. EAE (continuous line): Basal, 5 and 12 dpi vs 22--42 dpi (*p* \< 0.05) and 19 dpi vs 28 dpi (*p* \< 0.05). EAE-Ex (dashed line): Basal vs 22 and 31 dpi (*p* \< 0.05) and 5 dpi vs 31 dpi (*p* \< 0.01). ++ Represents *p* \< 0.01 between EAE and EAE-Ex at Basal time point. **f** Hind paws max intensity at. EAE (continuous line): Basal and 5 dpi vs 19--42 dpi (*p* \< 0.01) and 12 dpi vs Basal, 5, 25, 28, 36 and 42 dpi (*p* \< 0.05). EAE-Ex (dashed line): Basal and 5 dpi vs 12--42 dpi (*p* \< 0.05) and 12 dpi vs 22--42 dpi (*p* \< 0.05). **g** Front paws max contact at. + Represents *p* \< 0.05 between EAE and EAE-Ex at Basal time point. **h** Hind paws max contact at. EAE (continuous line): 5 dpi vs 19, 28 and 36 dpi Fig. 7EAE animals present decreased contact area of the paw prints at the chronic disease. **a** Front paws print width. EAE (continuous line): Basal vs 25, 28, 36 and 42 dpi (*p* \< 0.05), 19 dpi vs 12 and 42 dpi (*p* \< 0.05) and 5 and 22 dpi vs 42 dpi. EAE-Ex (dashed line): Basal vs 12, 25--31 and 42 dpi (*p* \< 0.05) and 5 dpi vs 12 and 42 dpi. ++ Represents *p* \< 0.01 between EAE and EAE-Ex at Basal time point. **b** Hind paws print width. EAE (continuous line): Basal vs 19, 25 and 28 dpi (*p* \< 0.05). EAE-Ex (dashed line): Basal vs 22--28 dpi (*p* \< 0.05). **c** Front paws print length. EAE (continuous line): Basal vs 12, 25 and 42 dpi (*p* \< 0.05). EAE-Ex (dashed line): Basal vs 12 and 42 dpi (*p* \< 0.01). **d** Hind paws print length. No differences detected. **e** Front paws print area. EAE (continuous line): Basal vs 12 and 25--42 dpi (*p* \< 0.05). EAE-Ex (dashed line): Basal vs 05--12 and 22--42 dpi. **f** Hind paws print area. EAE-Ex (dashed line): Basal vs 25--28 dpi (*p* \< 0.05). + Represents *p* \< 0.05 between EAE and EAE-Ex at Basal time point

Similarly to BOS of FP, hind paws were positioned with a narrower distance after 6 weeks of exercise (basal time point on Fig. [5](#Fig5){ref-type="fig"} f; *p* \< 0.0001; sedentary: 2.5 ± 0.06 cm and exercised: 2.2 ± 0.09 cm), meaning that 6 weeks of treadmill exercise decrease the BOS for FP and HP of mice in healthy condition. However, for BOS of the HP, a detached curve of exercised from sedentary mice is visible on the graph and the effect of exercise is quite significant during all the period studied (Fig. [5](#Fig5){ref-type="fig"} f; *p* \< 0.0001; two-way ANOVA). No effects from disease were observed either by the two- or one-way ANOVA and a negative correlation were observed (Table [3](#Tab3){ref-type="table"}), suggesting that EAE animals may decrease the distance between the hind paws over the walking dysfunction. Therefore, the overall response of BOS between FP and HP were opposite during disease progression, which, along with data about stance, is suggestive of a compensation mechanism.

M*ax intensity at* (Fig. [6](#Fig6){ref-type="fig"} e-f) and *max contact at* (Fig. [6](#Fig6){ref-type="fig"} g-h) were also altered in an opposite manner with overall positive correlations with CS and RD for FP while negative values were observed for the HP (Table [3](#Tab3){ref-type="table"}). This discrepancy is quite visible on the graphs of *max intensity at*, which was affected by the disease with (*p* \< 0.0001) for both FP and HP and had several overt differences between the time points with a noticeable increase for FP after 22 dpi and decrease for HP after 12 dpi. Similar results were observed with max contact at even though two important dissimilarities are worth mentioning. Firstly, two-way ANOVA revealed an effect of the disease (*p* \< 0.01) for both FP and HP and a significant interaction between exercise and disease for HP (*p* \< 0.05). Secondly, this interaction effect caused reduced correlation values with CS and RD and no difference between the time points for the EAE-Ex group. Therefore, it seems that 6 weeks of treadmill exercise has attenuated the variations on max contact at of HP caused by the EAE induction. In other words, our data suggest that EAE mice show some fluctuations on the time spent for the transition of braking into propulsion sub-phase of stand during disease progression and it seems that prior treadmill exercise attenuates that changings for HP.

The present correlation data suggest that exercise may have had a negative synergistic effect with the disease for max contact max intensity and mean intensity of the 15 most intense pixels (Table [3](#Tab3){ref-type="table"}). For FP only the exercised mice showed a significant and negative correlation between clinical score and gait parameters, although the two-way ANOVA revealed a strong effect of the disease (*p* \< 0.0001) In turn one-way ANOVA indicated several significant differences between time points for both groups. For HP, both groups demonstrated a significant and negative correlation between these parameters and both CS and RD. However, the disease demonstrated the highest effect (*p* \< 0.0001) and, one-way ANOVA presented several significant differences between time points for both groups. Taken together, these data suggest that EAE animals present reduced intensity of paw prints from 12 dpi to 42 dpi and that treadmill exercise may have strengthened this result.

In the same way, print width, print length, and print area were decreased with the progression of the disease (Fig. [7](#Fig7){ref-type="fig"}). Exercise strengthened such results, since the highest values of negative correlation between these parameters and CS were observed for the EAE-Ex group (Table [3](#Tab3){ref-type="table"}). However, there was no interaction or isolated effect of exercise and FP was strongly affected by the disease from 12 dpi (*p* \< 0.0001, one-way ANOVA). The hind paws were also affected but with variable values of P (print width: *p* \< 0.0001; print length: *p* \< 0.05; print area: *p* \< 0.01). These data suggest that EAE animals present decreased contact area of the paw prints at chronic disease, especially for FP.

Discussion {#Sec13}
==========

Several studies using treadmill exercise performed during short periods of training (2--25 days) have shown none or undersized effects on development and progression of clinical signs in EAE animals \[[@CR27]--[@CR31]\]. Therefore, we chose to investigate volume and duration of exercise similar to the protocol of swimming we have used previously in which we observed an important clinical score attenuation \[[@CR24], [@CR25]\].

We used regular treadmill exercise in this study in order to prepare animals in a similar ability to what they would be evaluated such as the CT system and motor rotarod, in which animals are forced to walk on the apparatus. Indeed, the basal data of the present work show several subtle motor alterations that represent an isolated effect of exercise on gait pattern in healthy condition, before the EAE induction. First, 6 weeks of treadmill exercise significantly decreased the BOS for FP and HP irrespective to the body weight. Based upon some data with animal models of ataxic gait such as cerebral ischemia \[[@CR32]\], thyroid system dysfunction \[[@CR33]\] and Leigh disease \[[@CR34]\], in which an increased BOS was observed, we may suggest that exercised mice presented an increased gait stability before EAE induction.

In addition, exercised mice showed increased FP print width (Fig [7](#Fig7){ref-type="fig"} a) with reduced both max intensity at and max contact at, suggesting that exercised mice anticipate the shifting of brake to propulsion sub-phase of stand for FP. On the other hand, an increased HP print area with increased mean intensity of the 15 most intense pixels at basal time point was observed for the exercised group, suggesting a compensation of the pressure between FP and HP. These subtle and prior adaptations caused by the exercise may have affected some of the gait parameters during the progression of the disease. First, it seems that 6 weeks of treadmill exercise have attenuated the fluctuations on the time spent for the transition of braking into propulsion sub-phase of the stand of HP. Second, BOS of HP was decreased during the studied period for the EAE-Ex group in comparison to the EAE group. These data are in agreement with evidence showing that repeated treadmill-walking tests increase gait stability in mice that is maybe associated to a habituation response to the dynamic daily feedbacks from proprioceptive, vestibular, and visual inputs \[[@CR35]\]. However, unless for some negative effects related to neuropathic pain that will be discussed later, these subtle effects of the protocol of exercise used herein had no significant impact on EAE walking dysfunction.

Literature has shown greater effects of swimming over treadmill running on elevation of serum adrenocorticotropic hormone and corticosterone \[[@CR36]\]; activation of sympathetic nervous system \[[@CR37]\] increase of cell proliferation in the hippocampal dentate gyrus \[[@CR38]\] and even preservation of spinal motoneurons \[[@CR39]\]. Perhaps, swimming promotes specific neuroimmune modulation that counts in favor of a clinical score attenuation of EAE mice that may not be depicted with the forced running approach.

Noteworthy, our results show that EAE animals present decreased inter-paw coordination, a wider distance of perpendicular support between FP and a reduced intensity of the paw prints as well as reduced print area when compared to the basal time point. These alterations were evident until 42 dpi. In a transient way, especially from 19 to 28 dpi, EAE animals walk slower, with shorter footsteps (decreased stride length) and an increased time of FP stand, suggesting the development of a compensation mechanism to maintain gait and balance during periods of more significant walking dysfunction. Reduced velocity of movement has been demonstrated in EAE mice at 4 dpi and it was associated with the stress caused by the injections necessary to the induction procedure \[[@CR40]\]. The speed of the walking is an important parameter of debate in walking dysfunctions since it can affect other dynamic gait parameters \[[@CR16], [@CR41]--[@CR43]\]. For example, it is classically recognized that decreased speed of walking leads to increased period of paw contact \[[@CR44]\] and that hind paws are much less variable with velocity than the front paws \[[@CR45]\].

Accordingly, EAE animals keep FP more time on the glass because of the delayed time to shift brake into propulsion sub-phase of stand and that was accompanied by increased BOS, i.e., wide perpendicular distance between FP. These results were observed especially after 22 dpi with no positive effect of exercise pre-training. Overall, the present evidences that EAE mice try to keep posture and balance, by changing the center of gravity to the FP, as illustrated by positive phase dispersion and the more negative values of couplings during the progression of the disease \[[@CR43]\].

Of note, reduction of the regularity index has been observed in the rat model of EAE \[[@CR18]\]. In addition, rotarod motor test data presented correlation values with gait parameter similar to the ones observed with the clinical score, illustrating the important walking dysfunction during the course of the disease \[[@CR46]\]. EAE animal's shorter footsteps provide additional confirmation of the altered gait pattern observed herein. In this sense, a similar result has been established on 15 and 20 dpi in EAE mice \[[@CR47]\]. Besides, reduced stride length was also observed in a mouse model of pyramidotomy \[[@CR48]\] and in a model of reduced levels of striatal dopaminergic neurons \[[@CR49]\].

In fact, damage to both corticospinal tract \[[@CR50]\] and striatum \[[@CR51]\], as well as alteration of the dopaminergic system \[[@CR52]\], has been observed in EAE animals. In addition, reduced levels of dopamine have been associated with lower velocities of walking \[[@CR53]\] as well as dysfunction of locomotor circuits in the lumbar spinal cord \[[@CR54]\]. Recently, Fiander and colleagues demonstrated that EAE mice present changed angle and range of motion for hip, knee and ankle joints suggesting that these deficits are caused by reduced corticospinal axon conduction as well as reduced synchronization of the activities from the basal ganglia \[[@CR12]\]. In turn, our study suggests that reduced stride length may be also related to a damaged corticospinal tract or even reduced dopaminergic activity caused by the disease.

It is important to highlight that EAE-Ex group presented some worsened gait parameters such as those related to intensity and contact area of the paw prints, especially FP. Such reduction started at 12 dpi and resulted in a decreased print area, what may be associated to mechanical allodynia \[[@CR7], [@CR15], [@CR17]\]. Pain enhancement can be associated with demyelinating lesions, axonal damage, and release of pro-inflammatory cytokines, activated glial cells as well as excitatory neurotransmission that are characteristic of EAE development \[[@CR8]\]. Exercising may lead to pro-inflammatory responses, especially if performed close to the onset of the disease.

Conclusions {#Sec14}
===========

The great magnitude of alterations on gait parameters observed herein, during the course of EAE may be related to the fact that several areas of the CNS are affected in this model as is observed in patients with multiple sclerosis (MS). The present study demonstrates for the first time that walking speed, stride length, inter-paw coordination, intensity and area of the paw prints, base of support as well as stand are relevant parameters for gait monitoring during EAE. Such parameters can in turn be used to evaluate new treatments that result in motor preservation/recovery.
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